The specific activity of natural gamma emitters like actinium ( 228 Ac), bismuth ( 212 Bi, 214 Bi), lead ( 212 Pb, 214 Pb), potassium ( 40 K), radium ( 224 Ra), thallium ( 208 Tl) and artificial radioisotope caesium ( 137 Cs) was measured in 2005 in the surface layer of marine sediments in the northern Svalbard: Wijdefjorden, Woodfjorden, Vestfjorden and Bockfjorden as well as in the freshwater reservoirs in Andre Land. Nonuniform spatial distribution of these radionuclides was found. Sediment sample from Bockfjorden had the highest specific activities of all natural radionuclides. The specific radioactivity of 137 Cs was much lower than specific radioactivities of natural radionuclides but there were differences between investigated locations. The distribution of 137 Cs is similar to persistent organic pollutants of the lake sediments in the area.
Introduction
Naturally occurring radionuclides of terrestrial origin are present in every material in our surrounding. Its concentration in the environment depends on the type of rocks from which soil originates. This causes significant differences in concentrations of particular nuclides (Dragović and Onjia 2006) . For example, radioactivities of 40 K and 226 Ra in the Northern Europe ranged between 140 and 1150 Bq/kg as well as 6 and 310 Bq/kg, respectively (UNSCEAR 2000) .
Measurements of the radioactivity of gamma emitters in the Arctic have been completed in selected regions only, for example in the Barents Sea (Føyn and Svaeren 1997) . Different radioactivity levels of anthropogenic 137 Cs in soils, bottom sediments and living organisms have been also noted (Gwynn et al. 2004; Andersen et al. 2006; Stepanets et al. 2007; Zaborska et al. 2010) . Measurements of radioactive isotopes appearing after nuclear tests in the near-bottom waters were performed intensively in the 1950s and at the beginning of the 1960s. The Chernobyl fallout in 1986 has created clear time markers in sediments and allowed determination of recent sedimentation accumulation rates (Namiotko et al. 1993; Ilus and Saxen 2005) . The sea currents have transported caesium from the Gulf of Finland and the Gulf of Bothnia into the Baltic Proper and out of the Baltic into the North Sea (Ilus 2007) . In the Barents Sea, the main sources of anthropogenic radioactive contaminants are: atmospheric fallout (including Chernobyl fallout), discharges from the nuclear industry in Europe, assumed contribution from land-based sources in the northern Russia, dumped radioactive material of the former USSR and contribution from the Chernobyl accident via the Baltic Sea (Føyn and Svaeren 1997) . Anthropogenic radioactive isotopes as well as their migration are investigated more often because of their potential dangerous influence on humans (UNSCEAR 2000; Strand et al. 2002; AMAP 2003 AMAP , 2004 . Although data concerning natural gamma emitters in Svalbard are still lacking, Gwynn et al. (2004) reported 137 Cs concentrations from seawater and sediments from several sites in Kongsfjorden and Isfjorden.
Study area
In order to analyse concentrations of gamma emitters in the surface layer of bottom sediments, three fjords that differ in morphology were selected in the northern part of Spitsbergen (Wijdefjorden, Woodfjorden and Bockfjorden). In addition, the tidal flat situated in Vestfjorden and freshwater reservoirs on the east coast of Woodfjorden (Fig. 1) were also investigated. The researched area is situated in the mixing zone of the Atlantic and Arctic waters and the region is under their diverse influence (Proshutinsky et al. 1999; Jones 2001) . In Wijdefjorden, which is the most eastern of selected fjords, the Atlantic waters appear only during periods of increased activity of the West Spitsbergen Current, while the fjord is generally affected by the Arctic water. In contrary, the other fjords, i.e. Woodfjorden and Bocfjorden, are influenced by the West Spitsbergen Current for almost the entire year (Midttun 1990; Haugan 1999; Jones 2001; Løyning 2001; Piechura 2006, 2007) .
The fjords are different in shape and therefore the samples were taken from water depths ranging from 15 to 75 m (Table 1) . Wijdefjorden is the longest fjord on Spitsbergen (120 km) and its depth varies greatly reaching 246 m. Vestfjorden is the western branch of Wijdefjorden. Bockfjorden is a small fjord on the western side of Woodfjorden (Fig. 1) .
The tidal flat in Vestfjorden formed mainly by sediments deposited in the glacial river estuary. It is under the influence of waters of both marine and terrestrial origin, as exhibited by measured water salinities (Table 1) . During a high tide, the whole plain is under water, while during a low tide a severalkilometer-wide zone of alluvial deposits becomes exposed. This site is surrounded by mountains reaching 1318 m a.s.l. (Skirhorg). Sediments accumulated in the tidal flat are brought in by a large river originating from the Universitetbreen and Lisbetbreen glaciers, in front of which a large end moraine and 7-kilometreslong Vestfjorden valley are situated. Suspended sediments delivered by glacial rivers cause progressive decrease of the fjord depth. Therefore, the tidal flat is now about two kilometres long. Six of investigated freshwater reservoirs are situated on the east coast of Woodfjorden, north of Mushamna. One reservoir is located on the northern lateral moraine of the Nordbreen glacier extending into Wijdefjorden. Most of the studied fresh water reservoirs are thermokarst lakes formed on an impermeable layer of permafrost (Choiński 2000) . Lakes are surrounded by tundra vegetation and are fed by small rivulets carrying melt water from snow and ice patches as well as from streams flowing on the thawing ground. These water reservoirs are characterized by distinctly developed recharge area and considerable instability This relatively large (0.012 km 2 ) and deep (3.6 m) lake receives drainage from the hill slope and is permanently connected to the sea. A considerably smaller lake JIII 2, which is located nearby, is periodically connected with JIII 1. Other freshwater reservoirs in the study area (JIII 3, JIII 4, JIII 5) are open shallow lakes (up to 1 m) and relatively large (up to 0.05 km 2 ) collecting water from extensive drainage basins. The surrounding area is waterlogged, and covered with rampant tundra vegetation. Despite being situated 150 m from the sea, salinity was zero in JIII 3, JIII 4 and JIII 5, due to large quantities of melt water. Salinity amounting to 0.7‰ was measured in JIII 6, which is located in the coastal zone and is affected by oozing, seawater inflows and aerosol supply. The lake bottom and its surroundings comprise of well-sorted stone material, resulting from the sea level changes. The JIII 6 lake has no distinct inlets and outlets. It changes its size dynamically, depending on the hydro-meteorological conditions, and can even disappear in the summer as a result of insufficient water supply.
JII 1 is a kettle lake typical of moraine areas. It was formed in a small (ca 3 m 2 ) and shallow depression in the bed of a dry glacial river. It is mainly supplied with water originating both from snow, glacier or dead ice within melting moraines and directly from the precipitation. Lakes situated near the glacier front are also characterized by very rapid and dynamic morphometric changes which result from relatively large moraine mobility (Churski 1974) . The JIII 1 lake has no distinct water inlets and outlets, and low water salinity may result from marine aerosols. Organic matter content (as LOI % -loss on ignition) was measured by heating sediment samples to 550 o C for 5 hours. The sediment samples were air-dried and the water content (W%) was analyzed as an average loss of weight of three measurements (PN-ISO 1164 Graca 2004; Drzymała 2007 The background radioactivity level was measured and subtracted from the radioactivities of measured samples. Sediment samples were dried at the temperature 105°C and then weighed, transferred into Marinelli beakers, special beakers designated to provide good measurement sensitivity (Sima 1992). The volume of sediment sample was 450 ml. The beaker with sample was placed in the measurement chamber for 16 hours. Activities of radionuclides were calculated with EMCAPLUS emulation software (Silena International, Italy).
Material and methods
Activities of the following gamma-emitting radionuclides were measured: actinium ( 228 Ac), bismuth ( 212 Bi, 214 Bi), caesium ( 137 Cs), potassium ( 40 K), lead ( 212 Pb, 214 Pb) and thallium ( 208 Tl). The activity of particular isotope in each sample was determined on the basis of photons counting in the γ line of the maximum radioactive disintegration yield. The energies of photon lines used to determine the activity of particular radionuclides in the samples were as follows: 208 Tl -583.14 keV. Activities of 224 Ra and 226 Ra were estimated not determined directly from photons counting. This is due to the overlap of the peaks in the spectrum. The peak 241.0 keV from 224 Ra and the peak 242.0 keV from 214 Pb are overlapping each other. There is one resultant, wide peak in gamma spectum, it consists of the sum of counts from 224 Ra and 214 Pb. The maximum of the peak is located between 241.0 keV and 242.0 keV. The peak location depends on the ratio of counts number from 224 Ra and 214 Pb.
We have the relationship between the counts number and location of peaks:
N TOT -total amount of counts in resultant peak, N 224Ra and N 214Pb -counts from 224 Ra and 214 Pb respectively; E TOT -location (energy) resultant peak, E 224Ra and E 214Pb -location of 224 Ra and 214 Pb peak respectively, E 224Ra = 241.0 keV and E 214Pb = 242.0 keV. From these relations we can show that:
and finally, activity of 224 Ra:
f 224Ra -gamma disintegration yield for line 241 keV from 224 Ra, Eff 241keV -efficiency at energy 241 keV, obtained during the calibration process.
We have a similar problem with activity of 226 Ra. The peak 186.2 keV from 226 Ra and the peak 185.7 keV from 235 U are overlapping each other. As in the case of 224 Ra, activity of 226 Ra may be determined using the formula: N tot -total amount of counts in resultant peak, E tot -location (energy) resultant peak, E 226Ra and E 235U -location of 226 Ra and 235 U peak respectively, E 226Ra = 186.2 keV and E 235U = 185.7 keV, f 226Ra -gamma disintegration yield for line 186.2 keV from 226 Ra, Eff 186keV -efficiency at energy 186 keV, obtained during the calibration process.
Then taking into account radioactive decay yield and the sample weight, specific radioactivity was calculated. Radioisotopes are divided into four groups: (i) isotopes of 238 Bi, 208 Tl; (iii) the long-living naturally occurring radioisotope 40 K; and (iv) an artificial radioisotope being a product of nuclear fission 137 Cs.
Results
Water and organic matter content. -Water content of the analyzed sediments ranged from 21.2 to 67.5%. The lowest values (<26%) were observed in the tidal plain sediments, significantly higher water content was in the fjord sediments. Lake sediments were characterized by the highest variety in water content, between 21.2 and 67.5%, reaching also the highest values of this parameter.
Organic matter content, measured as LOI, in the sediments varied from 0.4 to 15%. Similarly to the water content, the values of LOI showed the high variability, i.e. relative standard deviation equals 82%, in the samples of lake sediments. The mean LOI in the surficial layer of these sediments was 6.6%.
Lower organic matter contents (mean 4.4%) were in the fjord sediments. LOI values in the fjord sediments showed a fourfold lower variability as compared to the lake sediments. The lowest organic matter content (0.8-1.8%) was in the tidal flat sediments with the mean LOI equal to 1.3%. In the studied sediments, a typical relationship has been observed, where the increase of the content of organic matter is related to the increase of water content (Fig. 2) . Radionuclides. -We have found the significant diversity of radionuclide specific activity in the study area. Radioactivity of analysed isotopes in all samples is shown in Table 2 and Fig. 3 . The highest total radioactivity was observed in sediment sample II 1 from Bockfjorden (1196.9 Bq/kg), the lowest in sample RI 4 from Vestfjorden tidal flat (605.0 Bq/kg).
The biggest range of activity, from 362 to 849 Bq/kg dry weight (d.w.), was found for naturally occurring radioisotope 40 K, the mean for all samples was 541 Bq/kg d.w. (Table 2, Fig. 4 ). There was no correlation between 40 K radioactivities and activities of other radioisotopes. Radioactivity levels of isotopes from the 238 U decay chain and 232 Th decay chain showed a linear relationship on the Draftsman plot (Fig. 5) . The high correlation was observed between 212 Pb and 212 Bi, and 208 Tl and between 214 Pb and 214 Bi.
Radioactivities of 137 Cs were low, varied between 0.8 and 2.9 Bq/kg d.w. for most of the samples, only in two water reservoirs (JIII 2 and JIII 3) radioactivity levels were higher, i.e. 7.5 and 23.6 Bq/kg d.w., respectively. 
Discussion
Natural radioisotopes. -The natural occurring radioisotopes 40 K and 224 Ra showed a significant variability in the sampled sediments (Table 2, Fig. 4) . However, all the obtained results were within the range of values reported globally, including those for the northern Europe (UNSCEAR 2000). A strong linear correlation was found between the activities of radionuclides of 238 U and 232 Th decay chains (r 2 = 0.94). The obtained linear relationship (Fig. 5 ) may point to the common source of origin of these radioisotopes in the natural environment. Such relationship was not found between activities of radionuclides of 238 U decay chains and 232 Th decay chains and 40 K; r 2 = 0.48 and r 2 = 0.52, respectively.
The highest radioactivities and data variability were found for the 40 K isotope (Table 2 ). Our data for 40 K are comparable with those presented for the the terrestrial environment of Kongsfjorden (Dowdall et al. 2003) .
Based on the Euclidean distance analysis (Clarke and Gorley 2006), sediment sample II-1 from Bocfjorden can be described as the most outstanding (Fig. 6 ). This analysis identified two groups, representing fjord and lake environments. One of them (stations II 1, RI 6, JIII 1) is characterized by the highest radioactivity of natural isotopes as compared to other samples (Table 2, Fig. 3 and Fig. 6 ). This may result from different bedrock of this area. Metamorphic rocks, mainly Precambrian gneisses and shales occur west of the Bockfjorden fjord, whereas Devonian sandstones are found on the east coast. Moreover, thermal springs are located in the Bocfjorden. During Pleistocene, now extinct Sverrfjellet volcano was active in this area (Banks et al. 1999a; Salvigsen and Høgvard 2005 ; 
Jamtveit et al. 2006)
. Volcanic activity effecting in establishing of particular geological structures seems to be a factor that influence existence and amount of different elements and radionuclides (Banks et al. 1995 (Banks et al. , 1999b Brai et al. 1995; Przylibski 2004; El Galy et al. 2008; Noor and Pujadi 2012) . The distribution of 238 U and 232 Th decay chain isotopes activities is presented in Fig. 7 . The spatial distribution of 40 K activity in sediments in the investigated area is presented in Fig. 8 . The anthropogenic isotope 137 Cs. -Higher specific activities of anthropogenic 137 Cs were noted in marine sediments from Woodfjorden than from Wijdefjorden. It may be a result of different waters dominating in these fjords. The Woodfjorden is influenced by the West Spitsbergen Current (i.e. Atlantic water) for almost the entire year. The Wijdefjorden is generally more affected by the Arctic water and the Atlantic water appears only during increased activity of this current. Specific activity of 137 Cs in the sediments on the tidal flat did not change much between sampling locations ( Table 2 ). The activities were very low, close to the lowest level of detection. Analyses of LOI, 40 K and 137 Cs (Fig. 9) showed two different groups: fjords (stations I 1, I 2, II 1, III 2, III 3 showing high 40 K) and lakes (stations JIII 1, JIII 2, JIII 3 showing high LOI and 137 Cs); tidal flats and other stations were between this groups. There was a strong exponential relationship between the concentration of organic matter (LOI) and anthropogenic isotope 137 Cs in sediments, which is described by equation y = 0.7316e 0.2461x , R² = 0.7458 (Fig. 10) . The largest variability of specific activity of 137 Cs distribution was observed in sediments from freshwater reservoirs. In two sediments from two neighbouring lakes JIII-2 and JIII-3, radioactivity was significantly higher, especially in JIII-3. It is possible that these reservoirs are so-called hot points, the sites that were locally strongly polluted with 137 Cs after the Chernobyl nuclear reactor accident in 1986. In the adjacent freshwater reservoirs of similar characteristics (small area, shallow, rather rich vegetation), considerably lower radioactivities were noted. Moreover, random distribution of 137 Cs concentration can be confirmed by the lack of relationship between organic matter concentration in sediments and 137 Cs radioactivity (Table 2 , Fig. 8 ). There is a significant temporal and spatial variability of 137 Cs concentrations (Table 3 ) which confirms the directions of contaminants migration described for anthropogenic aerosols in Arctic areas (AMAP 2004; Romanov 2004; Vana 2004) . The distribution of 
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Abrosimov Bay 1992-1994 2002-2004 200 5 8400 44 Stepanets et al. in Russia, Western Europe and North America Barrie 1986; Burkow and Kallenborn 2000) . Perhaps the distribution of 137 Cs was also a result of atmospheric transport and deposition (AMAP 2004; Romanov 2004; Vana 2004; Sapota et al. 2009 (Gwynn et al. 2004) while the radioactivity of 137 Cs in the North Atlantic water was below 1.5 Bq/m 3 (Gulin and Stokozov 2005) and in the Barents Sea around 3 Bq/m 3 (Strand et al. 2002) . This is due to the scattering of air masses contaminated with 137 Cs being transported from Chernobyl to the northwest. Similar values were determined in sediment samples in Greece (Papaefthymiou et al. 2007) and Algeria (Benamar et al. 1997) , while noticeably higher results were obtained in Scandinavia. The highest values reaching over 15,000 Bq/kg, which can be called extreme, were noted in the lake sediments in Norway (Hongve et al. 1995) and Finland (Ilus and Saxen 2005) . Coastal lagoons in the northern Russia were characterized by the 137 Cs radioactivity in sediments in the range 5-5,450 Bq/kg (Stepanets et al. 2007 ). On the other hand, the corresponding values in lake sediments in Poland varied from 56 to 805 Bq/kg in high Tatra Mountain lakes (Świrydowicz et al. 2004 ) and reached 690 Bq/kg in the deepest part (109 m) of the Hańcza Lake (Namiotko et al. 1993) . 
Conclusions
Measured specific activities of natural gamma-emitting nuclides indicate their non-uniform distribution in the studied area, perhaps related to the type of bedrock. Sediment samples from stations II 1 (Bockfjorden), RI 6 (tidal flat in Vestfjorden) and JIII 1 (lake on the east coast of Woodfjorden) are characterized by high radioactivity of natural isotopes as compared to other samples. The highest specific activities of all natural radionuclides were found for sediment sample II 1 from Bockfjorden. It is possible that the radioactivities in general are strongly affected by extinct volcanic complex.
The highest radioactivities and data variability were found for the 40 K isotope. In all marine and fresh-water sediment samples, the 137 Cs specific activities appeared to be much lower than radioactivities of natural nuclides. There was a strong exponential relationship between the concentration of organic matter and anthropogenic isotope 137 Cs. It is possible that some reservoirs are so-called hot points, sites that were locally strongly polluted with 137 Cs after the Chernobyl nuclear reactor accident in 1986. The distribution of 137 Cs is similar to persistent organic pollutants. High correlation coefficient were found between 137 Cs and benzo(k)fluoranthene as well as 137 Cs and CB 138, one of polychlorinatedbiphenyls.
